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Post-synthetic incorporation of amino acids into the Zr-based metal—
organic framework DUT-67 via relatively green methods yields
materials with enhanced CO, affinity. Structural and sorption studies
reveal high affinity for DUT-67-Trp, exploiting its dual functionality to
achieve an adsorption enthalpy level comparable to those of high-
performing frameworks. The findings provide a promising pathway
towards developing sustainable amino-functionalized CO, sorbents.

The increasing environmental concerns about climate change
and air pollution have resulted in a constant search for innova-
tive solutions that can reduce greenhouse gas emissions, with
carbon dioxide being a top priority." Currently, the most
common CO, removal processes utilize amine-based materials,
including liquid solutions®* as well as porous solids like zeo-
lites,” silica,” and covalent->” or metal-organic frameworks
(MOFs).>® The success of this approach relies on the favour-
able interactions between CO, and the sorbent through for-
mation of carbamate/bicarbonate intermediates.'® A particularly
promising method involves incorporation of alkylamines into
MOFs,"" ™ producing solid adsorbents with the potential to
capture CO, directly from air."® This strategy has led to consider-
able advancements of the field, yet improved amine-based
methods still need to be optimized to overcome existing oper-
ational limitations in capture performance (capacity and selecti-
vity), recyclability (high regeneration energies) and material
stability (amine loss over multiple cycles)."®'” Another crucial,
often overlooked factor in these processes is their detrimental
effect on the environment potentially caused by their regular
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use of hazardous amino species like alkylamines. Integrating
sustainable chemicals and practices is essential at all stages of
functional material development,'® particularly in materials
intended for environmental applications.

In this context, developing MOF sorbents incorporating
amino acids offers a sustainable and efficient approach for
material design. Amino acids are inexpensive and abundant
chemicals that do not pose the hazards of alkylamines. By
coupling the various options in length and basicity of amino
acids with the high surface areas, stability and tuneable chem-
istry of MOFs, the pores and surfaces of the resulting functio-
nalized materials can be precisely tuned and hence provide an
excellent opportunity to improve CO, affinity.""'® Furthermore,
the carboxylate group in amino acids enables the amino acids
to be directly bound to MOFs through M-O coordination
bonding, orienting the amino group towards the pores. This
arrangement offers new options compared to alkylamine-modi-
fied frameworks, as it provides access to inorganic nodes dis-
playing higher stability, reducing the amine loss during CO,
capture cycles.

Building on this approach, we report the post-synthetic
incorporation of two different amino acids, namely r-proline
(Pro) or r-tryptophan (Trp), into the much-studied Zr-based
MOF DUT-67. The pristine framework is based on 8-connected
ZrsOg nodes (Fig. 1A), utilizing 2,5-thiophenedicarboxylate
(TDC) as the organic ligand."® Its well-known inorganic cluster
combines high stability with tuneable composition, containing
unsaturated Zr centres for amino-acid functionalization
(Fig. 1B). The resulting frameworks, DUT-67-Pro and DUT-67-
Trp, are prepared in ethanol and display improved CO, affinity
compared to the initial DUT-67, as determined from adsorp-
tion studies. Notably, DUT-67-Trp exhibits an isosteric
enthalpy of CO, adsorption of 50 kJ mol™, a marked improve-
ment over the value observed for the pristine framework
(31.8 k] mol "), and comparable to those of high-performance
amine-modified MOFs without hazardous reagents and with
no chemical degradation after capture. Short- and long-range
structural studies indicate an increased CO, selectivity through
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(A) View of the 8-connected Zrg cluster in DUT-67 (left) and the framework of DUT-67, highlighting the different types of pores (right). Color

coding: Zr = blue, C = grey, O = red. Dark purple spheres in the ZrsOg nodes indicate the potentially available functionalization positions. H atoms
have been omitted for clarity. (B) Schematic of the amino-acid functionalization of the inorganic node in DUT-67 as demonstrated in this work.

multiple potential interaction sites, uniquely facilitated by the
presence of Trp. The results represent an important step
towards the design of sustainable amine-based sorbents with
enhanced potential for CO, capture.

Pristine DUT-67 was synthesized in high yields following a
previously reported procedure (SI, Section $1).° As corrobo-
rated by powder X-ray diffraction (PXRD) and scanning elec-
tron microscopy (SEM) data (Fig. 2A, S1 and S2), the resulting
solid displayed high crystallinity and phase purity. In particu-
lar, the corresponding PXRD pattern closely matched the
simulated one from the crystal structure of DUT-67, while SEM

images showed crystallites with dimensions in the range of
0.5-1 pm, in line with previous reports.>* Further confirming
the identity of this material, 'H nuclear magnetic resonance
(NMR) spectroscopy and thermogravimetric analysis (TGA)
revealed the incorporation of 2 formate modulator molecules
per ZrsOg node (Fig. S3 and S4). These results translate to a
chemical formula of [ZrsO4(OH),(TDC),(HCOO),(solvent),] for
the main framework, also in accordance with previous studies
using this modulator.*"**

In the next step of our investigation, we aimed to functiona-
lize DUT-67 with either Pro or Trp by performing a post-syn-
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Fig. 2 (A) PXRD data for all MOFs of this study. (B) Selected peaks of the

Absolute pressure (bar)

CO, uptake (mmol g™")

'H-NMR spectra for all materials after digestion, indicating presence of

amino acids in the functionalized analogues. The full spectra can be found in the SI (Fig. S5 and S6). (C) PDF data of DUT-67 and DUT-67-Trp
(bottom) and the corresponding dPDF signal (top), confirming tryptophan incorporation. (D) Low-pressure region of the CO, isotherms for all MOFs
recorded at 273 K (full region shown in Fig. S13). (E) CO, isotherms for all MOFs recorded at 298 K. (F) Plots of the corresponding isosteric enthalpies
of adsorption, calculated using the Clausius—Clapeyron equation from the 273 and 298 K adsorption data.
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thetic amino-acid insertion within the unsaturated positions
of the ZrsOg nodes (Fig. 1B). This functionalization was per-
formed by carrying out solvothermal incorporation experi-
ments, in which the pristine solid was immersed in a solution
of the targeted amino acid under predetermined conditions
(SI, Section S2). To optimize the amount of amino acid loaded,
a thorough screening of various synthetic parameters was
carried out, including of different temperatures, solvents, reac-
tion times and pH levels, as summarized in Table S1. The
efficacy of each test was initially assessed by taking "H-NMR
measurements of the resulting solids, allowing us to quantify
the amount of amino acid incorporated (Fig. 2B, S5 and S6).
Notably, the highest degree of functionalization for both
ligands was afforded by performing reactions in ethanol, a
green solvent,”® thus avoiding the need for hazardous solvents
such as dimethylformamide that is typically used to modify
DUT-67.2%?>?* As outlined in Section S2, complete cluster sat-
uration was achieved in DUT-67-Pro, with four Pro molecules
inserted per ZrsOg node. In contrast, the greater bulkiness and
higher pK,  of Trp resulted in partial replacement of for-
mates, leading to the incorporation of two Trp molecules per
inorganic cluster.

Additional characterization was performed to conclusively
determine the identities of the functionalized solids. In both
materials, crystallinity and structural integrity of the main frame-
work were maintained during the modification process according
to the PXRD data (Fig. 2A, S7 and S8). As anticipated, N, adsorp-
tion studies at 77 K indicated that the introduction of bulkier
ligands reduced the porosity of these MOFs, evidenced by
decreased values in uptake, specific surface area, pore size and
volume (Fig. S9, S10 and Table S2). Complementary Fourier-trans-
form infrared spectroscopy (FT-IR) studies, detailed in Fig. S11,
also revealed characteristic signals associated with the presence
of the ZrgOg cluster and amino groups, among others. Both
spectra confirmed the absence of uncoordinated -COOH groups,
indicating that the amino acids coordinated to the inorganic
nodes rather than occupying the pores of the framework.

To further investigate the local structural features within
these MOFs, pair distribution function (PDF) analysis was
applied to total X-ray scattering data collected for representa-
tive materials DUT-67 and DUT-67-Trp. As seen in Fig. 2C and
S12, in both cases the PDF showed three main peaks, at
approximately 2.2, 3.5 and 5.0 A, corresponding to Zr-O,
Zr---Zr and Zr---Zriq pair correlations within the ZrgOg clus-
ters.>® The impact of the post-synthetic modification was also
evaluated by performing differential PDF (dPDF) analysis com-
paring the signals of the two materials. Key features were
identified at 1.4 A (C-C/C-N distances), 2.4 A (intramolecular
N-H---O bonding in Trp*®), 3.3 and 3.7 A (local distortion of
the ZrsOg nodes upon Trp replacing the initial non-structural
ligands®>”*®), confirming amino-acid incorporation within the
inorganic clusters.

Having assessed structural composition, CO, adsorption
measurements were taken for all materials at 273 and 298 K.
These measurements allowed us to evaluate the CO,-capture
abilities of these MOFs and to characterize the physico-
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chemical nature of each adsorption process. All materials were
activated in vacuo at 100 °C for 15 hours. Experiments with a
batch of pristine DUT-67 at 273 and 298 K revealed respective
uptakes of 2.99 and 1.60 mmol g~ at a pressure of 1 bar
(Fig. 2E and S13). These values were also found to be in very
good agreement with those of other literature studies for this
material.”® Unsurprisingly, the incorporation of larger amino
acids resulted in a significant decrease in uptake for both
functionalized materials due to reduced available pore space.
Specifically, uptakes of 1.66 (273 K) and 0.84 (298 K) mmol g~
were observed for DUT-67-Pro at 1 bar, while the corres-
ponding values for DUT-67-Trp were measured to be 1.73
(273 K) and 0.92 (298 K) mmol g~ under the same conditions.
A more thorough analysis of the isotherm data led to
additional observations and conclusions. The adsorption
branch for all frameworks showed steeper slopes at low
pressure levels (up to 0.2 bar), with the steepness decreasing to
various degrees for each MOF as the pressure was increased.
These features indicated a distinct response for each material
as CO, was introduced, pointing to differences between
the gas-framework interactions of the different frameworks.
Notably, at 273 K the Trp-functionalized material showed a
higher uptake and steeper slope at low pressures, namely in
the 0-2.5 kPa range, than displayed by the Pro-functionalized
material, despite Trp being the bulkiest amino acid,
suggesting a strong CO, preference. Furthermore, the desorp-
tion branch for all materials revealed practically reversible
sorption processes, although slight hysteresis was observed,
particularly at 298 K and more pronounced for DUT-67-Trp,
indicating greater CO, affinity due to chemisorption.*’

To corroborate these observations, the isosteric enthalpy of
adsorption (AH,qs) was calculated for each of the materials
from the Clausius—-Clapeyron equation using the above data.
For pristine DUT-67, a moderate —AH,g; of 31.8 k] mol™" was
calculated at zero surface coverage. Both modified frameworks
showed better adsorption enthalpies, as per the initial hypoth-
esis—with the respective —AH,qs for the proline analogue
increased to 38.8 k] mol™, and that for the tryptophan-func-
tionalized material considerably increased to 50 kJ mol™". This
result provided evidence for the strong preference of DUT-67-
Trp for CO,, comparable to other high-performing MOFs in
the field of CO, capture, including amino-functionality-con-
taining materials (Table 1). Importantly, the strength of these
gas-framework interactions is not excessively high, hence
helping to minimize the energy required to desorb CO,, and
facilitating regeneration of the material. Furthermore, the strong
affinity in DUT-67-Trp was achieved without the use of hazar-
dous amines, as environmentally-friendly protocols were
employed for both the synthesis of the pristine material and
the post-synthetic modifications. PXRD and "H-NMR measure-
ments following CO, sorption and vacuum treatment (Fig. S14
and S16) also showed that both functionalized materials
retained their composition and crystallinity, indicating poten-
tial reusability over multiple cycles.

To evaluate the CO,-capture performance of the materials
under relatively ambient conditions, dynamic breakthrough
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Table 1 Synthetic aspects and CO, affinity characteristics in representative high-performing metal—organic frameworks, including DUT-67-Trp

MOF material —AH, 4, (k] mol™) Features Ref.
HKUST-1 35 Open metal sites 31
Mg-MOF-74 47 Open metal sites 32
SIFSIX-3-Cu 54 Physisorption due to ultramicroporosity 33
Use of hazardous azine
CAU-1 48 Amino-containing linker 34
NH,-MIL-101(Cr) ~50 Open metal sites, amino-containing linker 35
Cu-BTTri-en 90 Open metal sites, amino functionalization 30
Use of hazardous diamine
Hydrazine-Mg-MOF-74 90 Open metal sites, amino functionalization 36
Use of hazardous diamine
en-MIL-100(Cr) 80 Open metal sites, amino functionalization 37
mmen-MIL-100(Cr) Use of hazardous amine
MOF-808-Gly 46 Open metal sites, amino functionalization 16
Non-hazardous amine, green synthesis
MOF-808-p1L-Lys 80 Open metal sites, amino functionalization 16
Non-hazardous amine, DMSO synthesis
DUT-67-Trp 50 Open metal sites, amino functionalization This work
Non-hazardous amine, green synthesis
0.40 In order to assess the cyclability of the materials, we then
E 0%RH
< 0351 B 10% RH tested the DUT-67-Pro and DUT-67-Trp systems over three con-
. g RN secutive breakthrough cycles at 50% RH (Fig. S23). The results
% —_— — indicated a slight drop in adsorption capacity (10% for the Trp
s 022 derivative and 19% for the Pro system) from cycle 1 to cycle 2,
3020‘ followed by subsequent maintenance of adsorption capacity.
% 0.15 The larger drop in adsorption capacity for DUT-67-Pro was con-
2 ] sistent with its higher sensitivity to moisture. The collective
£ 010 g
§ el data from CO, affinity, breakthrough and recyclability experi-
- ments confirmed the superior stability and performance of the
o DUT-67-Pro DUT-67-Trp Trp-functionalized material in comparison to the Pro-

Fig. 3 CO, uptake values obtained from dynamic breakthrough experi-
ments for DUT-67-Pro and DUT-67-Trp under various relative humidity
(RH) conditions (0%, 10%, 25%, and 50%).

experiments were conducted (Fig. 3 and Section S5) for
DUT-67-Pro and DUT-67-Trp. Samples of a simulated flue gas
mixture of 15% CO, and 85% N, (20 mL min~" total flow) with
different levels of relative humidity (RH), ranging from 0 to
50%, were tested to assess the effect of water vapor on the
adsorption process. The results revealed a clear difference
between the breakthrough profiles for DUT-67-Pro and
DUT-67-Trp. Initially, both materials exhibited a decrease in
uptake with increasing humidity (10% RH). This initial decline
may be attributed to competitive adsorption of water, likely via
hydrogen-bonding interactions with the amino-acid functional
groups. Interestingly, at higher relative humidity (25-50%) the
tryptophan-functionalised analogue tended to recover its
initial adsorption efficiently, eventually approaching the
behaviour observed wunder dry conditions. This result
suggested that once a hydration equilibrium was reached,
further water uptake no longer compromised the accessibility
of CO, adsorption sites in the case of DUT-67-Trp. These find-
ings underscored the effects of amino-acid selection and
moisture on the adsorption mechanism, revealing a humidity-
tolerant behaviour at elevated RH.

Nanoscale

analogue.

Upon considering the chemical composition of our
materials, it became evident that multiple factors could be
used to optimize CO, binding. The presence of amino groups
and unsaturated ZrsOg nodes were indicated to be key driving
forces: up to four active metal sites per cluster can be made
available in pristine DUT-67 after removal of coordinating
solvent molecules. With all these positions occupied by
~COOpoline groups in DUT-67-Pro, CO, affinity was further
enhanced by the incorporated amino groups, as the CO, mole-
cules and amino groups reacted under dry conditions to form
the well-reported carbamate intermediate (Fig. S$17).'%'>'®
DUT-67-Trp combined both elements, with each ZrsOg node
featuring two amino acid molecules and at least one open
metal site after activation, consistent with its superior per-
formance. Moreover, note formation of dipole-rt interactions
between the adsorbate and the indole ring of the amino acid
appearing to be an important factor for boosting CO, adsorp-
tion preference in the Trp analogue.?® This formation could
explain the marked differences in affinity between the two
functionalized MOFs, with DUT-67-Trp outperforming
DUT-67-Pro despite having fewer amino groups, lower basicity
(PKa,,, = 9:39 and pK,, = 10.36) and a bulkier amino acid.
While theoretical calculations are currently underway to vali-
date these observations, the results already highlighted trypto-
phan as a promising option for the greener design of amino-

This journal is © The Royal Society of Chemistry 2025
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acid-modified MOF systems with improved CO, adsorption
potential. For all materials, the adsorption enthalpy values
slightly decreased with increasing gas loading, indicating that
after initial binding to these preferred locations, CO, was sub-
sequently adsorbed onto less reactive sites.

Conclusions

In this study, we successfully demonstrated the post-synthetic
incorporation of amino acids into the ZrsOg-based DUT-67
framework, resulting in materials with enhanced CO, affinity.
This methodology underscored a sustainable approach to
material design and modification by introducing amino-con-
taining molecules of minimal environmental impact via
cleaner methods, addressing relevant concerns associated with
typically used amines. Our findings indicated both amino
groups and unsaturated Zr centres playing crucial roles in CO,
binding, leading to increased affinity. Notably, DUT-67-Trp
exhibited superior performance, attributed to the formation of
dipole-n interactions and the availability of multiple active
sites. This material achieved an isosteric enthalpy of adsorp-
tion of 50 k] mol™", demonstrating a performance comparable
to those of other leading CO, sorbents while eliminating the
need for hazardous molecules. Furthermore, DUT-67-Trp
retained a similar adsorption behaviour at high relative humid-
ity levels. On the other hand, the large size of the used amino
acids caused a trade-off in performance, leading to reduced
CO, uptakes in comparison to the pristine MOF. Although this
aspect limits the potential of DUT-67 as a suitable platform for
practical use, this study has overall increased our understand-
ing of the development of amino-acid-modified MOFs as
promising CO, sorbent candidates, highlighting several ben-
eficial directions. Future work is expected to aim to improve
and expand this approach by utilizing other ZrsOg-based
frameworks with larger pores to maximize CO, capacity.
Additionally, investigation of a broader range of amino acids is
planned to fully elucidate their chemical effects on adsorption
enthalpy.
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